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In this paper we evaluate the worth of a seintilletion 
counter as en instrument te measure geome ray dossge; 
1.6, the energy ebsorption per unit mass, Data are 
obtained by calculations from differential pulse 
height spectra obtained with nesrly monocergic sources 
in the 0. to 3 Hev ranges end comparisons of aversge 
secondary electron energy with that theoreticelly 
expected sare made. Alse dosages esleulsted from the 
erystal output sre coupared with that obtained from an 
ion chember, 7 

It is coneluded (on theoretical grounds) thet 
or gente erystels are such better suited for dosage 
seesurements than inorganic types; and (on experimentel 
grounds) that as the genme ray energy is increased the 
finite size of the crystal esuses the sverage secondary 
electron energy (end therefore the expected dosage) to 
decrease. This is explsined by leakage“; i.c., edge 
effeets of the crystal. one can decrease this effect 
by surrounding the erysteal in en sir-equivalent medium 
such ss lucite which reflects the secondary electrons 
back inte the erystal. 

Other experimental conclusions are: («) Lucite 
light pipe end reflectors associated with the seintillator 
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have little effect on dosage. (b) Pemoval of photons 
from the besa, though en appreciable effect, can 

‘easily be computed and thus corrected. (e) Plural 
sestter ing effeets in the erystels used are shown to 

be relatively unimportant. (e) Dosage determinations 
with the seintilistion ecunter using our experimentel 
set-up are somewhat indeterminate due to the difficulty 
in determining th window wicth of the ¢ifferentiel 

418er iainstor. However values ef dosage obtained are 

in reasonable egreesxent vith these obtained from the 
conventional ion chamber. (e) 4 value of the gaume 
energy of radius whieh is e weighted average of the 
various energies according te abundance is experimentally 
determined. If meaningful it indlestes thet the gemma 
spectrum of rediug is somewhat more energetic then 
indieeted by the ssectrum commonly accented. It is 

felt, however, that these results sre not too signifiecsnt, 
@ue to the heterogeneity of the rediuz spectrua. 


Thesis Supervizor: Robley b. Evaene 
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I. INTRODUCTION 


Ae Statement of Problem end Interest Therein. 

All measurements of ganmms rey dosage have, for 
years, been based on the air ionisation chamber, for 
it can be simply made and rather easily calibrated to 
read dosage in roentgens. Of course, there are many 
survey instruments in current use which ostensibly 
read dosage pate, but these sre usually counter tubes 
with output connected to an RC integrating cireuit so 
as to give a DC current roughly proportional to the 
intensity of the radiation incident thereon. These 
are usually calibrated with the heterogeneous gamma 
spectrum of e standerd radium source and are therefore 
of little value in obtaining en accurate estiaate of 
roentgen dosage for seurces other then radium. 

4 more comprehensive treatment of the meaning of 
dosage“ makes the reason for the preceding statement 
obvious and is to be found in Seetion II-A-2, 

Hany of the usual recuirements of medical and other 
research physics sre incompatible with the inherent 
charecteristics of lonization chembers. msll size fon 
chambers are desired in order that good“ geometry may 
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be obtained, or that s quantitetive measure of setivity 
localized in a smell arer, end the exact position of 
that small eres, be obtained. However, men ve try to 
meet the small size recuiresents, we find thet the 
exposure time must be very long in order to get en 
aeeurete reading of dosage and to obte in dosage rate 
therefrom, For exemple, the smell Victerecen chaxber 

is a very convenient size, but reads 250 roentens 

full scale. For the usual treeer dose in medical 
physics where the dosage to he messured is of the order 
of 10 mr/hr or less, it is clesr that the length of 

time to obtain a reasonable scale reading is prohibitive. 
If one finds a chember which has u reasonable senile, 

1. ., 200 mr full seale or less, the physical dimensions 
ere apt to be ten times larger than the aren to be 
localized. 

Thus we see that e need exists for « small yet 
efficient instrument for dosege measurements, The use 
of a s¢intillation counter for this purpose wes suggested 
to the authors by Dr. Gerald J. Hine of the Rediosctivity 
Center, I. I. T., and with his advice and encouragement, 
this investiertion was begun. The suallness of the 
scintillation crystel would permit good *localization® 
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of am activity, or its use im a "good" geonetry 
experinzent, while ite censity, which is meny tines 
thet of sir, would render much more efficient sempling 
of the rediation ineident thereon, permitting more 
rapid meesurements of dosage end dosage rate with 
emell setivities. 

Recent authors (1) have SU ted thet organic 
seintilletors "should be reletively 'air-eqvivalent!* 
in the region sbove 900 kev, i.e., the dome in of most 
Forme emitters. Ye shall show that the stetement is 
eesier ga than genonstreted. The meaning of the 
term "cir-equivslence™ snd ite sienifiernce fer this 
problem are discussed in Seetion II. | 


B. Methods of ipproseh. 

It would be very convenient to have a compact 
ins trunent which would cause s needle to deflect an 
amount proportional te the dosege rete at the instrument 
probets pesition. The initial efforts of the suthors 
were slong this line, nd leé deeper and deerer inte 
en electronic morass, until the electronic complications 
threatened to obsevre the physics] principles involved 
in obtaining s doseage measuresent from @ scintilletor,. 
It length it ves rather conclusively shown that the 


11 1 1 9 
2 al veer Mie at . 
7 enn 
4 ; Ae ay 
„ 1 1, een 
a * N 


eee D 
e 
net Tn trofolYhe oven eee eee 
or vn Kr eee daten "Yo 5 
e 
eh eee ee bit. een Te 3 — 


— Akan way . ae cf er edid ide . 

2 bees only bade vod Lida of %%% % dmniay 

et Go warnen er eee nad? M eee 

—— a0! Bae eee re- mrot 

. fa a Deanna „ an dere 

neta: e ee wp, ee enn tg OOF. ee 

Co wee wel en ini 78 An 44 

Saaqgeo2 » svad of Saetrevaoe yrov of Sigow 4 - 

6 tooled of oLsean e @utso bluow eker tg tt 

alta astt tap anette ‘tinal dae Caddniiani ae dae 

eacttankfqnoo hee edt Lttmy ,2envom otnowoole 1 

hovfovst esIgtoetyy Lapteydy edt h o “ane 
strode llitetoa 3 ott tcerotzesen ayagob 4 qerkeet. 

eft Jai? owode Yleviewlonos tester eew 32 dégaet oA 


electronic eyuioment under experimentation would never 
be able to do the job with en error satisfactory for 
research work, A comprehensive evalust ien of the 
circuitry involved is presented in Seetion III-A. 
Therefore, in order to by-pass the electronic 
difficulties and investigate the physics] feasibility 
of dosimetry with a scintillation counter, the trouble- 
some parts of the electronic cireuit were removed and 
replaced oartly with other types of eleetronic ecuipment 
end partly with tro humen beings. The authors realize 
thet this is a bit far sfielé from the original desire 
for e "needle deflection". However, the determinations 
made and results obteined are basic to the problem. 
We shall leave the development of electronic cireuitry 
to the electronic experts if the experimental physies) 
determinations prove favorable to scintillation dosimetry; 
the reader is referred to Section V for our conclusions, 
& complete diseussion of the final equipment and its 
manner of operation is te be found in Section III-B; 
while the results obtsined therewith are to be found 
in Geetion IV- et seq. Before proceeding to the 
experimental side, however, we must review ae considerable 
smount of theory regerding the gamma ray interactions 
with matter, | 
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II. THEORETICAL BASIS FOR THE PROBLEM 


A. Basic Consicerstions. 

1. Effect of Gemma Rays on Matter. 

In considering à problem involving the "dosage" 
due to gamma redistion, it is first necessary to review 
in generel the mecheniams by woich ganmas interact 
with wetter and how these interactions pertein in 
particular to the problem at hand. First of ell, 
what is *dosege"? | 

Physically speaking, the end result of all gsame 
interactions in setter is ionization of the atons 
therein. Physiologically speaking, the ionization of 
matter is a disruption of the constituents of the 
matter and in it is contained the danger te health; 
in it is the manifestation of "dose", This fonizeation 
requires energy supply, and the gamma beam is the 
source thereof, The preduction of ion-pairs is pot, 
however, in one-to-one correspondence with gammn- 
electron ecllisions as one might neively think. Indeed, 
@ single gemma-electron collision produces one on- pair, 
but the electron member of the pair Las a large energy, 
on the average roughly half that of the incident gam 
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ray, or in the domain of thousends of eleetron-volts, 
Since the energy required for the gproduet ion ef ean ien- 
peir in material such as air or tissue is of the order 
of tens of electron-volts, the energetic electron 
resulting from e single gamme-electron collision ean 
and dees produce many other ion-pairs, until its energy 
is fully expended. It is by this process, the sten-by- 
step dissipation of the energy of the "secondary electrons“ 
ss the energetic fellows are termed, thet the energy 
sbsorbed from the gemma ray deen is transleted into 
ionization in the material, 

E., The Roentgen. 

The "roentgen" is the unit of dosege, and expresses 
the measure of gemma ray effect on matter in terms of 
the lonizstion discussed ebeve. A roentgen is der inedt) 
as "that cuantity of x or genes rediation euch het 
the essoeiated corpusculer enission per 9.601893 em 
of air produces, in air, ions cerrying one electrostatic 
unit of cherge of electricity of either sign", 

The corpuscular emissions referred to in the definition 
are the “secondary electrons" of our terminology. The 
quantity of sir is 1 ce of dry air at 0° and 760 un 
Hg. Sine 1 esu 5.08 x 10° ion-pairs, 1 roenteen 
produces 1,61 * 1017 fon-peire per gram of air. If an 
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ray, or in the done in of thousands of ¢leetron-volts, 
Since the energy required for the production of an ion- 
peir in material such as air or tissue is of the order 
of tens of electron-volts, the energetic electron 
resulting from e single gamme-eleectron collision ean 
and does produce many other ion-pairs, until ite energy 
is fully expended. It is by this process, the step-by- 
step Gissipation of the energy of the "secondary electrons” 
ss the energetic fellows are termed, thet the energy 
ebsorbed from the gemma ray been is transleted into 
ionization in the material. 

E. The Roentgen. 

The "roentgen" is the unit of dosege, and expresses 
the measure of gamma ray effect on matter in terms of 
the fonizsetion discussed above. A roentgen 12 defined‘) 
as "that cuantity of x or gens rediation euch thet 
the essoeiated corpuscular emission per 0.001993 em 
of air produces, in air, ions cerrying one electrostatic 
unit of cherge of electricity of either sten“. 

The corpuseular emissions referred to in the definition 
are the “secondary electrons" of our terminology. The 
quantity of air is 1 ee of dry air at 0° ¢ end 760 un 
Hg. Sine 1 esu 5.082 * 10 ion-pairs, 1 roentgen 
produces 1.61 * 1017 Lon- pairs per gram of air. If an 
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aversge of 32.5 e. v. is expended (4,5) then i r 
corresponds to 5.£4 „ 10° f/ En of air. We shell 
have occasion to refer to this number later, 

It should be noted that dosage is independent of 
time, due to the definition of the dosage unit of 
roentgens; therefore gunau ray dosage rates are given 
in reentgens/unit time; e. g., ar/hr = milliroentgens 
per hour. Also of importance is the concert of dosage 
rate es s wessure of ionization intensity and not ea 
measure OF zan intensity, for the reasens discussed 
above. 

3. Production of Eecondary Electrons, 

The first process encountered then in the production 
of dosage by gemma radiation is the preduction of the 
secondary electrons. Uere we encounter the well-known 
threefold process of importance in this problem by 
which gamme rays intereet with electrons in matter: 
() Gompten collisions, (b) photeeleectric of feet and 
(e) pair production. We have referred above to ganma- 
electron collisions, a term which is descriptive but 
not essentially true except for (a). In the Compton 
process, the gaman photon may be considered as a 
relativistic “cue ball” coliiding with « free object 
bell at rest, with the usual consequences of billiard 
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ball collisions; i.e,, transfer of energy with 
conservation of total mesa-energy and momentum, In 
the photo-effect, the gammn may be considered as 

being swallowed «hole by an s tom, whieh then usuelly 
relieves itself by disgorging am electron with energy 
eauel to thet of the gens rey minus the electronic 
binding energy. In pair preduction, an interaction 
explainable only in quentum terms oceurs, in which a 
geeme ray, finding itself in the intense fields in 

the immediate vicinity of 4 nucleus, becomes so confused 
that it commits quantum suicide and is reinearnated as 
& positron-eleectron pair, which share an amount of 
energy @qusl to that of the gamma ray sinus the rest 
energy of these particles (1.02 ev). 

All three of the above effects cen and will occur 
in sll materials, and (exeept for pair production with 
its mass-energy threshold of 2 ae" = 1,0 dev) for any 
energy gemma rey. Heppily, it frequently hoppens that 
one effect predominates to the neer exclusion of the 
others, when one considers e perticuler material and 
„ perticular range of gamma energies. For example, 
for low gamme energies, in the dome in less than 100 
Kev for materials of moderete to high atomic number, 
the photoelectric effect predominates, For high garn 
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energies, say above 5 ev, end for high atomic number 
material, pair production predominates, Finally, for 

the great middle range of genes energies and for materials 
of low atomic number such as air and tissue, the Compton 
effect predominates. 

4. Secondery Electron Interset ions. 

Having seen in general how the energetic secondary 
electrons are produced, let us see how they produce the 
fonizetion, i.@., the real "dosage". At this point 
comes the basic stumbling block in our problem. In air, 
(thet is, in the medium for which dosege units sre 
def med) the energy of the secondary electrons is eon- 
verted into ionization by & series of "soft billiard 
ball" collisions, That is, the cue beli (secondery 
electron) loses a little bit of ite energy in each 
ionising collision with e wolecule, wntil it is 211 gone, 
efter which we have a mediws filled with ions, positive 
or negative, flosting sround. In en toniza tion chamber, 
the collecting elee trodes then remove the charged particles, 
If no electrodes are present, recombination very shortly 
eceurs. The totel number of lon-peirs is proportionsl 
to the energy of the secondary electrons, since as pointed 
out above, the energy required for production of zn ion- 
pair is roughly constant et shout 32, 5 e.v./ion-pair, 
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Por this reasen, one ean aake en sir Lonigetion 
chamber which eolleets the lon-vairs formed, measures 
their totel charge end therefore hes d mereure of dosage. 

In a scintilletion eryetel, however, one does not 
collect any charge and measure it. Indeed, the mechanien 
of the seintillater is complicated and has not been 
fully investigated (6), surrice 1 to say that the 
fonization which seeondery electrons produce in the 
oryetal causes a flash of visible light (or in the near 
ultreviolet range), which, in enthraeene, has been 
shown to produce d photomultiplier voltage pulse pro- 
portional in amplitude to the energy of the secondary 
@lectron initisting it (7,8) | Thus we see thet the 
Lins] effect of gemma irradiation of e seintillator ia 
entirely different from the effect in air, in terms of 
which dosage is defined. Nevertheless, if we can obtain 
„ mensure of the light intensity by the voltage pulses 
it produces, we have a measure of the rate of energy 
absorption from the gemma ray inte the secondary electrons. 
If then the energy spectrus of the secondary electrons 
produced in the seintillator is the sene as, or 
approximates the energy spectrum of the secondary 
eleetrons produced in giz, we have & measure of the 
"dosage" whieh the sase gamma intensity would produce 
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on & ce of sir at the secintillator's position, for 

the ionization produced in air is lag propertionsl te 
secondary electron energy. There ere, of course, a 
few complications, which will be considered in due 
course of this paper. 

We shell see later how one goes about measuring 
the number and amplitude of the pulses due to the light 
ashes and obtains « measure of dosage therefrom. 
Before that, there is a criterion to be applied which 
determines tue type of seintiliator appropriate for the 
stated purpose. 


Be Averese [nergy of the geconcery Llectrons. 

ie Relation of Average imergy ef Secondary Lleetrons 
to Dosage. 

Since the energy of tie secondary eleetrons produced 
by the photons in the seintilletor is related to the 
energy sbaorbed from the game bean and thus to the 
dosage, it is of interest to calculate the variation 
in the average secondary electron energy produced in 
a given aaterial by the verietion of gamma energy. 
Beceuse dosage is defined in terme of charge produced 
in air, we wiil determine this variation for air, 
antarecene, and sodius iodide. Ihe enoice of anthracene 
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and sodium iodide erystais for tais determination is 
dictated by the fact thet these are the two erystais 
most used in seintilletion counting today; sntareeene, 
the organic type; sodium ledide, the inorgenic type. 
znthracene being z hydrcearbon, one would expect that 
it would be "sir-equivaient"; that is to sey, over the 
range from 0.1 Zev to 10 Kev one would expect that the 
Compten effect greatly predominates over the photoelectric 
effect und pair preduction in materials of iow atoaic 
number. For such « condition, it wiii be shown thet 
the average secondary eleetron energies ere identical 
for the materisis setisfying it. Conversely, since 
sodium iodide ig inorgenic and centains elements of 
moderate atomic number, one would expect such a crystal 
to be "air-equivalent® only over a much reduced range 
or not et 11. It is enticipated that sodius lodide 
will be inherently unsuitable for gamma vey dosimetry 
neceuse of its leek of "air-equivalence®,. 
E Formule for Averege imergy of Seeondery fleetrons, 
How then does one find the average energy of the 
secondary electrons? e shall consider first that the 
gemen energy is & continuous variable, producing secondary 
electrons in # smell thickness, From such a determination 


we shell ister shew how en effective averege secondary 
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eleetron energy ean be obtained for a vartteuler source 
and finite erystel thickmess. 
Let B., = game rey energy in Kev. 
1 = number of photons/om®=see of energy 8, 
incident on aster tal considered. 
A = effective srea of incidence (ens). 
F- total Compton eress section in en gol ee tron. 


Ju = Compton absorption eross seetion in 


@ a 
en®/electron. 

©” = Compton linear attenuation coefficient 
in en. 

J = Compton lineer absorption coefficient in 
en. 

T = photoelectric I meer attenuntion coefficient 
in en. 


K = pair production Linear attenustion 
coefficient in em, 


u = total linear attenuntion soeffiectent in 


en 


u, ™ linear absorption coefficient in e 


= 5 ¢ 7 * K. 
W 2 binding energy of "K* electron. 


(10) 


Then the energy/see absorbed in a thickness dx * the 


totel energy/see of the secondery electrons = 7 
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Bp * az [o, T. - N - eser) (11-51) 
nere mae” = energy equivalent of © electron rest 
magzes. Let the gugber of secondary electrons srotueed 
per sec = 4; then 

N= ANC T+ T + N) = pnaddx (II-8-2) 


Therefore the average electron energy is 


bp TE + (E. = %) + KCB, = 1.08 Mev) 
2... „ FR. oA. AER ce. Fionn erritel, £ (11-B.-3) 


A* 8 r+ Tek * 

It is of interest to consider the magnitude of W 
for the materiels of interest, remembering our minisus 
By 2 0,1 dev. 


Zable Ti-B-}) 
Element x 

4 Necligible 

0 Kegligible 

* Nogligible 

6 Neglicible 
Me 1,07 Kev 

I J. 9 Kev 


3. Caleulation of Attenuation and Absorption 
Coeffieclents. 


In order now to compute Day ss 2 function of 25 
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for each materiel, one must first find or compute values 
of J, Oy T, Ke See Appendix A for these computations 
and the results. 

4, Comments on Computed Secondary Flectron 
Averege Energy. 

Yow having the required ettenustion and absorption 
eoefficients we oan return te formule (II-B-1) and 
conpute Bay for EY in the range 6.1 Mev to 10 Mev. The 
results of these computations are displayed in Figure 1. 
Figure A-1, 3 plot of computed mp over the range of 
interest is included for use with later theory recuirements. 
Here we see thet anthracene is theeretically truly "air- 
equivalent" frog 0.5 Zev to & Hev, while sodium iodide 
deviates widely from the air curve for E. C1 ev. e 
note that even down to 0.1 Bev, anthracene is theereticelly 
substentially “seir-equivaient", 

From the above theoretical calculation, it was 
decided that sodium lodice end other inorgenic erystals 
hed average electron energies far greater than air for 
EY (1 leb, since the secondary slectron energy for 
photoelectric absorption is EY F which is far greater 

co, 16 
than oly at low energies, (for BY = O01 Mov, = 9.14) 
and would thus give too great s measure of dosege. Thus 


the remainder of our measurements end theory is based on 
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0.2 


Average Secondary Electron Energy in Mev 


0.04 


Figure | 
THEORETICAL DEPENDENCE OF SECONDARY 
ELECTRON AVERAGE ENERGY ON 
PRIMARY GAMMA -RAY ENERGY 
for Air, Anthracene and Sodium lodide 


showing the “air- equivalence” of 
anthracene over a large range 
of gamma energies. 


Air 
Anthracene 
Sodium lodide 


Note that anthracene curve 
coincides with air curve except 
below 0.2 Mev as shown, and 
above 8 Mev where it coincides 
with the No! curve 
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the use of anthracene as a seintillator,. 

Since we will be dealing with anthracene from 
here on, and with 0.1 dev < 35 € 8 Rev, we ean meke 
an obvious simplification of formas (II-B-1) and 
(II-B-3). Por earbon and hydrogen, “ 1s negligible; 
slso no pair production is observable, Therefore, 
these equations becone 


Ey = néAdx( 95 , = nak Adx (Ii-b+4) 
E +¢TE u 
— — * 
„ eee . (1-8-5) 


C. Tertial Irestuent of nne to be Measured 
din the Eeintillation Crystal. 

1. Averege Electron fnergy Gignificence, 

We heave seen that the absorption of energy from the 
gamae beam in the erystel results in the production of 
secondary electrons. ‘Ye have also seen that each such 
@lectron gives a pulse of light which produces 4 voltage 
pulse propertionsl in amplitude to the electron energy. 
As will be shon in Seetion IV-“ we can then obtain 
(i) a quantity expressing the total esmount of energy 
per unit time received by the electrons in the crystal 


from the gemma ray, 1.¢., the rate of energy absorption 
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im the erystel; end (2) a meesure of the total number 

of electrons energized per unit time. Ostensibly, 
éividing (1) by (£) showld give us 6 measure of the 
secondary electron aversge energy, for cenparisen with 
the theoretical curve obteined in B above (Fig. 1); 

while (1), since it represents the energy ebsorbed from 
the gtwma beau, should be s measure of dosage and related 
to the *sir-dose”™ in roentgens. That these conclusions 
ere not quite sc simple end direct but subject to modifi- 
cetion in Sheory, disregarding oxperimental difficulties, 
is the purpose of tais and the following divisions in 
Seetion II. (éuthors! pote: Iwmediately after the 
following theory wos evolved, part I of & paper by 
Pnhiteher (27) wes published, dealing with a very similer 
s1tus tion in liquics, Unfortunstely, part II of the 
paper is to conte zu the calculations of interest and 

will mot be available until after Kay 16, 1952. Attention 
ia invited thereto when evailiable.) 

S. Relation between Cay and Dosage. 

To begin with, let us assume thet each gemme photon 
has only one interaction in the erystal. The consequences 
of multiple interactions ere considered later in Seetion 
Ii-D. Sow from Section II-B we have the equations 
Total secondary electron energy/unit time produced in « 
thickness dx = 


Ey * nuf (II- 2-4 
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rote number of secondary electrons produced/unit time 
in dx = 


* „ npAdx (II-) 
For the moment ve shall treat Ry as single valued; 1. e., 
& monoenergic source is being used: 
1404 if the crystal is Narr thin, then n is 
constant end = n, the number of phetons/ 
co =see incident on eryetel fece., Obviously 


for this esse, 


* = noe Bad (110-1) 
end u = nud (II-) 
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Here Bay oa. agein and egreement should be obteined 


with the curve of Section II-. 
Alse, suppose thet one used two different monoergic 


sources 371 and Pe for which there were the corresponding 


eventities Mo? 11 Mag and No. Hes 5 Ir * is truly 


a mesure of roentgen dosage rete as would be recorded 


by en ion chember ss rates Ry and Re, say, then the ratio 
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since dose rate R —. — in Hev/min-ga sir; and if we 
ean satisfy the assumptions made to date then 
N ok (II-) 
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2. Removel of Photons. 

The difficulty, however, lies in the essumptions. 
Let us first consider the effect of erystal thickness. 
The very advantage of the scintilletion erystal is its 
inereased efficiency; thet is to say, it hes many more 
gemma interactions than an equivalent volume of air. But 
if we increase the number of intersections, then n is not 
constant end equel to a, but follows the usual "ood? 


geometry attenuation law 


ux 
n= ne 


Therefore, for a erystal of thickness d, 
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These equetions reduee to (II-c-1) and (II-) 


of course in the limit of smell ad: i.e., for d small 
compered to 4, the meen free@ath for scattering, 


We note that A * a is unchanged by this correction 
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ans still equals r 


However the ratic x = 3 is no longer strictly 
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true if ud is not (1. That is 


Fp 1% HBL (2 = 5 
= (II-c-7) 
2 n u E, (2 - * ud 
2222 
and depending on erystal thielimess end Eye ve would not 
theoretically expect thet ovr mensurements would give the 
gene dossge ratio as an air-well ion chamber. The magni- 
tudes of these corrections will be presented later and an 
evaluation of the expectation values obtained. 
J. Non-monoergicity. 
The second assumption, thet of monoergic Eye is 
resdily removable, de shall generalize our notation a bit: 


Let 551 = percent ebundence of 4% gemme ray from 30 source, 
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E = energy of 4 gaume ray frow Phas source, 
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114 „ total linear attenuation coefficient corresponding 
te B « 
741 
3 linear absorption coefficient corresponding 
N06 » 
Yj 1 
„ * to tal number of photons/en*-see incicent from 
3 source, 
) Bo P34 1 1 
Then n, a «= photons/om*~see of 1 energy 
eee 
1 
incident, (II-c-8) 
and define V = 2 = LP ss (II~C=9) 
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(For exemple the two y's from Co“ have a bundences of 100 


percent each and energies of 1.17, 1.33 Mev.) If co™ is 


3 scouree considered, then 


Bo Ry 
* = =; * = — 5 = Sais ar an tee = 1.25 Mev, 
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We now see that die correetion for non-nonoesrgicity results 
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in severel chenges in procedure. 
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There we see that E = Bay » the value which would 
Vga 31 31 

be picked off the curve of Figure 1, corresponds to 17 


Therefore, in order to evaluate the intrinsic ecuivelence 


* 


of enthraeene to sir by the “most nearly correct” theory 
available to date, we must commute Bay for the 1 source 
from the curve, end compare it to the measured value. The 
value obtained will depend on crystal thickness d; we shail 
see presently how violently. Also, one can compute a 
"partially corrected" "Av, by omitting the terms in 5143 


which also gives an idea of the effectiveness of crystal 
thickness attenuation, As we shall see in Section IV, the 
experimental results may then be compared with the "totally 
corrected" and "partially corrected" values. The theoretical 
values ere presented in tabular form in Table (II-C-1) 

and ere presented in grephical form along with the experi- 
mantel results in Section IV, Figures 7 end 8. 


ZABLE Li-C-1 
Bay 1 
Source "y (partially corrected) 426mm A 
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o“ 696 Kev 271. 5 Kev 268.9 Key 586. 53 Kev 
co™ 1. 28 Mev das. Kev 5a4, Kev 3884. Kev 
wa** 2. 0% tev 1.109 Mev 1.028 Mey 1.0% Mev 


“prom formule (II-C-9). 
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From this table we see that the correction for 
erystsl] thickness causes only slight changes (I percent) 
in sll but the sodium source, mose y energies are 
separeted widely. Figure ? shows the decay schemes and 
necesssry details for the computations involved. Figure 
A~l (Appendix) furnishes the values of w recuired. It is 
interesting to note how auch more important crystal thick- 
ness would have been for the sodium iocidce erystel with 
its fer lerger values of » and rapid increase at low energy 
due to photo-effect,. 


(b) Returning now te our ratio of Fr we see 
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rigorously since the correction for non-moncergicity spplies 
equally well to the fon-chember! However, for ad not (1, 
we will again have a difference in the observed ratio, and 
agein, in theory slone, would not expect our measured 
dosage ratios to agree with these from the ion-chamber. 

Accordingly, if the correction for ud is appreciable 
and our assumptions ere ressonably correct, then our problem 
would seem insoluble. Hence, one must consider the theoreticel 


magnitude of the expeeted devirtion due to erystal thickness. 
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Note: Level separations schematic only; no energy scaling attempted. 


Figure 2 


ENERGY LEVEL DIAGRAMS FOR RADIO NUCLIDES 
USED IN THIS INVESTIGATION. 


(Reference: "Nuclear Data", Nat'l. Bureau of Standards Circ.499,1951) 


A teble of the correction keeters( f is of value, 
for if they differ for each source by only © small amount, 
one might be able to assume a median value of the correetion 
such thet the true error over = given renge would theoreticslly 
be expected to be less then à certain maximum within the 
limits of experimentel error. 

Considering averege values of EY for the sources 
considered, exeept for the widely spread 124 
obte in Table II- C-. 
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124 (1.38) 06.070 0.1303 0.933 
n 54 (2.76) 06.0482 0.0815 0.953 
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Prom Table II-C-P, we see that it ig vossible te 
assume a “calibration fsetor“ in the middle of the range of 
values of the bevor such that a certain vercent 
accuracy cen be expected, That is to say, if all peri- 


mental errors were zero, then if the dosage readings were 


"enlibrated” by dividing by the median aa, fxetor, 
we would expect a certain percentage error for the several 
sources based solely on the theory developed to date: 

(a) for the 6 um erystel: essuming a calibration 
factor = 0,970, we see thet the seximum error incurred for 
this renge is about 1.4 percent. 

(b) for the £0 mn crystal; assuming a oel tration 
factor of 0.912 we can cover the whele renge with 4 maxinue 
error of 4,5 percent; or using 0,931 snd eliminating the 
low end of the range we can obtain 6 maus error of. 
percent, 

The value or leek thereof of these eonsiders tions 
will be demonstrated in Seetion IV where theory end experi- 
mentel results are compared, 

Before leaving the theoretical development, let us 
consider two effects briefly mentioned above; the effect 
of plural scatterings’ and the effect of the leakage of 
energetic electrons from the confines of the erystal prior 
to expending #11 their energy into light output. These 
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eannot be handled rigorously in an snelytic manner, but e# 
qualitative idea of their inportence cen be obtained dy 
making some rather gross approximations. Seetions D and E 
do this job in so fer as the authors are able. 


D. PBiursl Sesttering Correction Aporoxination. 

1. Efreets of Plural Seattering. 

The assumption has been made in the preceding theory 
thet each photon suffers but one eollision in the erystel. 
In possible justifiecstion of this essumption, let us exemine 
more closely what it involves. fo begin with, if s photon 
suffered another coliision in the crystal, thus producing 
& second energetic eleetron and a corresponding output of 
light scintillation, it is clear thet the resultent light 
from the second collision would pot be a seperate Light 
pulse. The longest length of time possible between the tro 
collisions in the thickest erystel is of the order of 


— —— ~ 10°" seconds salle the resolving tine of 
Ju 10°" em/see 


anthracene is vies sec'®) , Therefore the light from 

the second collision increases the intensity of the light 
scintillation due to the first collision, end the photo- 
multislier contributes à pulse equal te that which it would 
heve produced had the gemma lost in nag collision all the 
energy that it lost im two coliisions. Thus second collisions 
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de not ineresse the total counting rete but will ineresse 
the total energy megsured and thus inerease the measured 
average energy of the secondery electrons end the computed 
dosage over that which would be exeected from the theory 
developed to date. Note that if it should preve to be of 
importence only for the Hg? and the £0 mm erystel, then 
the low correction factor for this esse in Table II-C-2 
would be effectively increased and the renge of error 
assuming e "enlibretion" factor of somewhat greater then 
0.919, say 0.931, could be reduced (refer pege 28), As 
will be seen in Seetion IV, an inerease in avernge electron 
energy was noted as the erystal thickness increased; it is 
he purpose of thia section to show whether the increase 
sould or could not be due to second gamme collisions end 
whether it must be explained by sncther phenomenon; for 
instance, the leakage of energetic electrons from the 
crystal. 

E. Analysis of Plural Scattering. 

We shall assume some conditions which should be 
neerly opt hmm for second collisions to eentribute eppreciably 
to the energy absorption: 

(a) Let n, = number of photons/em*=-see ineident 
on crystel, of area A, 


EY = their energy. 
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un = the linear ettenuation coefficient at 
this Eye 
(b) Assume 611 primery collisions are such 
thet the photons still go nearly in the 
forwerd direction. 
(e) Assume photons still have energy Ey and 
u does not change. 
Then the number of degraded photons produced in 4 thickness 
dx is equal to the number of electrons produced in 
dx = mpAdx from formule (II-B-2), But n= , therefore 
the number of degraded photons produced in dx is n n ue. 
Of these degraded photons, we hnow thet (4 - x) of them 
will got have s collision between x and ¢, snc therefore the 
fraction of the degraded photons mien have a collision 
between x eng d is E ~ grote « »)], These are the photons 
whieh suffer st least two collisions in the erystel. 
4ceordingly, the total number of photons which suffer at 


4 
least two collisions in the erystal is * 100 — 960 * 0 = 


apa gery . ( 2 9 and the freetionsl number of 
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incident photons which suffer et least two coliisions, is 
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f= a fom - 04) ax 
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f= (1 9 e (I-51) 

3. Conelusions Concerning Plural Scattering. 

How let us consider the energy for which ~ is 
largest, 1.4.0, BY = 6,280 le for 1 , with n 0.143 em, 
and the longest erystal used, 1. e., 4 g en. This will 
give us the lergest f which we will have to consider, 
since n < 0.10 en for II other sources used, For this 
esse, under these assumptions, the frection of all tneident 
photons whieh suffer tro collisions in the erystal is 


f= (1 ~ „% . (0, age) 970+ 988 

= 0,249 - 0,£15 = 6.034 = 3.4 pereent. 

But we have chosen what we hope te be optinum 
essumptions for second collisions contributing to the 
energy absorption observed; viz: 

(a) If the degraded photons do not (as is the 
case for some 0 percent of them according to bavisson ()) 
go nearly in the forward direction end (as is actually the 
ense for most of them) their energy is less beesuse of the 
edditional encunt given to the eleetrens in the prinery 
collision, than is greater; but from our geometry it is 
seen thet d', the "in-crystal” distance remaining, is 
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decreasing repidiy with increasing angle from the original 
direetion; thus the product ud? is nearly constant, and 
equel to ad, so f would not be meterislly effeeted. 

(o) For those degraded photons which do not go 
nearly in the forwerd direction, since, as above, their 
energy is materisily less than Bys 
they could contribute in s second collision is less than 
they could heve contributed in the primary collision, and 
thus the f = 3.4 pereent would be greater than the ectusl 
percent inerease in the tote] energy due to second collisions. 

4 Justification of Analysis. 


the additional energy 


The true value of the percent increase in secondary 
electron energy due to second ecllisions would be extremely 
@iffieult to compute, if not impossible at the present stage 
ef theoretical progress in the field of plural seattering, 
sinee we ere concerned with s medium of smell volume, It 
is felt that the above approximsete analysis under gross 
assumptions provides a suitable overestimate of the increase 
in average and total secondary electron energy due to 
second collisions in the ease of ig”? radiation incident 
on the thick erystel, such that the true ineresse for this 
case is of the order of 3 percent or less. For the higher 
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energy redistions for which k deeresses to 0. 1 ea, end 


for the thin (6 mm) erystel, the effect of second ecliisions 


1 rr 


bre wee Ae at thy awit hm mI. 
i Seas den tuen 2 08 yby es Leupe 

* —— . 2 Fr 0 * ithe I e ok ea 7 By 
“a * —. * 4 ai ? ** diy vit . 


1 „iatkise bark e at hegudtat 09 piney 
emen. e, 


. bluow esotestios bnooee of oud Yytene nomsvele 
dae gneetre edt ta “ofdtusoqnt ton tt otuqmos of lu AU⁵ 
nfs fowls te 81 11 od? at asetgo79 Teese te 
71 enulov Traue de mithen 8 de bemteonce os ow 6 onte 
aeory roh atexians oganizotays oveds oe vad 4e “at 
sesevont sit Yo esantseoteve oidetive a aehivera enolt queens 
ee And ges fe yanbaoses Lado? bas sees ab 
tovbtont nottarbar 04% 10 euso sd? at eke Lee dno 
24% tot oenone ount odd dude dows leser 10140 o 20 
ren outs 08 enol 20 ban g t0 20 ⁴0 ‘edd te a oan 
das ue 4.00 od weasotoeb 4 de las gn mee wen- 
anotetitos babe te 50 1 oat aber (am 50 ade edt 101 


is therefore clearly ineonsequentiel, and for the limiting 
ease considered, the effect is of such magnitude thet 
eonsiderstion of it 12 problematical. 


. Seeendsry Electron Leskege. 

1. Analysis. 

The final fector to be considered in the shysical 
theory sppliceble to the problem is due to the megnitude 
of the crystsl dimensions in comparison to the maximus 
renge of energetic eleetrons in anthracene. A few 
representetive values applicable here sre caleulated from 
Goodman‘) , 


ZABLE II- El 

Hexinun Penge 

Elelectron) in_Anthracene 
145 Kev 0.15 millimeters 
500 Kev 1.28 milliseters 
1000 Kev 3.44 millineters 
1500 Kev 6.20 millimeters 
£000 Kev 7.6 millimeters 
£500 Kev 9.8 milliseters 
2780 Kev 11.0 millimeters 


The maximum energy obtainable by the electrone by 
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Compten collisions is given by the weli-known forauts (18) 


E 
— 1 (11-5 
Y 


The meximum energies of secondary electrons from 


the various sources are: 


TABLE II-E-2 
. Fux 
ng £80 Kev 146 Kev 
08 194 Kev" 600 Kev 
co” 1.33 Mev 1.118 Kev 
* . 78 Mev 2. 808 Mev 


* 1 has ¢ 1. 5 Mev gemma rey but of only 5 percent 
abundance, 

Comparison of these two tebles with the dimensions 
of the two erystals brings out e few interesting points. 

(a) 6 mm crystal - cross section is a circle 

30 mm in diemeter. For this cease, the minimum distance of 
travel for the secondary electrons is forwerd, which is the 
direction of the most energetic ones (head-on collision 
type). Since the electrons sre produced 311 through the 
erystal, it is obvious that for the cobalt source end higher 


energies, en appreciable percentage of energetic electrons 
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will pass out of the secintillater before expending 211 
their energy in light production, such percentage increasing 
with energy. 
(>) 20 mm erystel - cross seetion is a rectangle 

10 wm by PO mm, For this case the forwerd direction is the 
longest dimension of the crystel, and if we consider first 
only those electrons in the forward direction, then the 
leakage deseribed above should only be important for the 
highest energy, 1. % 4, and should be less then for 
the 6 m= crystal. However, this crystal has a narrow 
herizontel dimension, such that sany electrons not cuits in 
the forward direction, but enough forward thet they have 
considersble energy, Will leak cut the side faces before 
contributing all their energy to light. This is enhanced 
by the fact that the gema bean is not truly parallel, due 
to the finite souree-to-erystel distance (which was kept 
at least 10 times crystal dimensions) but diverges slightly, 
such that the most energetic electrons if produced near 8 
side face, would be "simed" to go out of the crystal. This 
effect would be negligible in the thin erystel due to its 
erese section. 

E Fffeet of Leakege,. 

Since the effects nentioned above would tend to 


decrease the energy converted inte light end sessured, one 
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would expect a deeresse below the theoretics!] velues 

both of K % and Ey ("dossge") due to this cause, in 
opposition to the ineresse expected due to plural 
seattering (Section II- B). Further, it would be expected 
to have sore effect in the thin crystal than the thick, and 
te be of most concern for the higher energy gamma rays. 

3. Selution to Leekage Problea. 

A theoretical configuration te correct sone of these 
ills suggested itself near the end of our exper inents tion. 
If one enclosed the crystal in « box of material of sbout 
the same density and composition of snthrecene, say lucite 
for example, two effects could occur: 

(e) and (b) On the average, for a number 
of electrons which leak out of the bottom 
of the crystel (6) producing e light pulse 
indieating an energy smaller then it 
actually had, there is « corresponding 
crystal number (b) leaking Jn from the lucite top 
end producing @ light pulse corresponding 


to the rest of the energy. Note thet these two light pulse 
éistributions sre both random, therefore coincidence would 
be rere, and we would be increasing the number of pulses 

of low energy, thus decreesing the average electron energy 
measure, but increesing the dosege aeasured (sinee now 
little or none is pelstively lost). 
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(e) For electrons tending to stray out of the 
erystal ies, the dense lucite has nearly as much 
probability of seattering them beck inte the scintilletor 
as seattering them further awey, since the angle of 
incidence at the interfeee is swell. This would not incresse 
the number of pulses, since the same electron continues to 
preduce the light pulse, having lost only s little energy 
in the lucite, but it would inerease the amplitude of the 
light pulse over what it would he if the lucite were absent, 
thus reducing the effect of 100 above. 

it should be noted that lucite on the bottom of the 
erystal uss little effect since backscattering is small 
for all energies ‘**) , 

(4) It is impractical to try to decide, on the 
theoretical basis which of the effects (a) end (b) or (e) 
will be of greater importance, if ger will. GSeetion IV 
will show the result of en attempt to investigate this 
matter exrerimentally. It appears that in any event, at 
least 50 percent of the eleetrons which tried to get out of 
the sides would succeed, even with lucite “guard rails", se 
thet experimental values beloy the theoretical ahovwld not 
be viewed with alarm. On the other hend, only the smell 
affeet of Beetion II- would cause a value gres ter then 


the theoreticel, so an appreciable excess ebove the 
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theoretical value would certainly be indicetive of « 
major defect. 

4. Conelusion of Theory. 

This coneludes the theoretical aspect of the problem 
in all the detsils mien have been considered of major 
importance by the authors. The next section desls with 
the equipment used in the experiment, end the following 
section will compare the results obteined with the theory 
evolved in the five divisions of this section. 
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III. EXPERIMENTAL EQUIPRENT AND PROCEDURE 


A. hi Eouioment Confizuretion. 

The first approach te presenting the output of the 
crystal-photomultiplier tube combinstion in terms suiteble 
for evelueting its relation to dosage wee to use the circuits 
of Figures 3 end 4. All of these components sre stenderd 
units except the "integrating" cireuit (Figure 4). This 
cirevit!'s prineiple of operstion is mentioned in reference 
(19), page 250. When it is operated as a counting rete 
moter, 6 one-shot multivibrator is placed in front of the 
*integrator" so that esch count sppears as « nearly square 
pulse, constant in amplitude. Under these conditions one 


een meet the requirenents 


+ >) T > SAAC, (1114-1) 
E>>V> By (II1-A-2) 
c Y C (11I—2-) 


which are necessary for accurate operation of the circuit. 
In the above ecuations the nowencleture is defined in 
Figure 4. Since the detailed operation of this cireuit as 

& counting rate meter is nowhere completely treated, it is 
felt worth while here to describe its operation in some 
éeteil, Referring to Figure 4, suppose « pulse of amplitude 


BE volts sppesrs at the input. In secordence with equation 
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(III-A-1), ei will be charged to the peak value (E- *). 
Since C, >> ei an amount ef charge proportionsl to (® ) 
(or te F if EB >> V) will also be placed on C, through T-2 
during . It should be noted thet T-3 and its agssocisted 
cireuitry serves only to ineremse the spperent sise of Cos 
At the end of the pulse T~? no longer conducts while T-1 
provides a path for the eharge on 01 to discherge to ground, 
thus returning point 2 to voltege Eg (some smell negative 
voltege). Thus for esch count © constant amount of cherge 
is sleced on Cy whieh then greduslly leaks off through Re 
with time constant C. providing a smoothing action on 
yoltege J. Thus ¥ is a stable indtes tien proportionel to 
the counting rate. For further details on counting rate 
meters und their statistics see references (19) and (20). 
In the present problem the application of this 
cirevit, though superficielly quite similer to that of the 
counting rete meter, is somewhst different. To get « 
mengure of energy eabserbed by the secondary electrons in 
the crystal one must sum over all pulse amplitudes, which 
ere proportionsl to the energy of the electron eausing the 
dulse (78) and over the number of pulses. Since, in theory, 
if the pulses are fed from the photomultislier (after 
suitable emplifiesation and clipping) directly to the 
integrator“ gag pulse should deposit a charge on Ce 


% = ) ouLav used oft of Bead of Litw 10 (--f) 
(¥ - ©) of Lanottroqotg eytado Yo ¢auome ms & . conte 
Rf dgvord d no Dead of ona Litw % K u e 10) 
Dogateeaas ett ba €-T ga, Dogen od bivede #1 r ae 
+g? to sate eee wee eesotont of ee eee eee 

Lr olide agoubnos renne on &~T aud ef? Yo Dae off? 2A 

<bavorg of optasioath of 7D ao eytade odt To? dtaq 5 eebtvorg 

evitagen Ifame omoa) gi ter of a gate yalatster emit 

onde to towome tasgenoo 2 tavoo dose tol aud? . (ogee for 

gi dywomds Yo alse Taba mont dotdw d mo beosiq ak 
mo moites gaidtoome s gatbivotq οο mu emis dtlw | 

o Lamolsgrteqeta anf eldage a el V aud? .V ogatiov 

ever ata ao eliated tedgauvt 10% .edat gai¢naueo ed? 

„(on) bas (ef) z f hl eee soltelsate Teng bas aten 

aids to noiteoliqgs ed? meldota asset od? al 

ede Yo tant of rolimte o IIa Treue dguodt 4 040 

„ fen OT eee eee el eee eee eee 

al note ytabsooser eft yw bedtocds yateme to tungen 

doldw ,sebudiiqna D {La seve mve Seum enc Latayto od? 

ed? yatewso norgsele ed? Yo Nene end of Laaotsroqotg ots 

rode at ont? e Lad to tedmun de rove bas ("oa tug 

1 n) teligh¢iumogodg of? mort bet ore Gen odd 22 

eng oF IIe (gatqqtle bas notas Tg dss 

gq? b fe, s theoqed bivode eeluq Hana "tostangedak* 


proportional to (B ) or Hif D. Now, since 
¥ = mggR, of nc, mr, (29) , this voltege, V, should be 
proportional to the total energy per unit time of the 
secondsery electrons in the crystals. Ffeferring te Section 
II-B we see that this corresponds to formula (II-B-4), in 
that By % mE | 

Unheppily, there are factors at work which make this 
cirevit quite unsuitable. Extensive time was devoted to 
showing experimentally that tiis wes indeed true. It is 
2180 easy to show theoretically. 

The firet difficulty arises in that the spectra of 
pulses used es input to this circuit renge in segnitude 
from some very small value up te « meximum determined by 
the energy of the game rays of the raciosetive souree being 
used and the amplificetion required. Thus over the lower 
portion of the spectra B usy be comparable with or even less 
then J. If © is comparable with V the charge going into Cy 
is now proportional to (I- ). Thus, the susller pulses 
will not be weighted enough secording to their true amplitude, 
If E < ¥ the pulse will not be recorded at all. 

fhe second diffieulty erises if there is any overshoot 
on the input pulse. If the overshoot goes more negative than 
Eg, then T-1 wili conduct, charging Cy in such a manner 
thet point a will be left positive reletive to ground when 
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f-1 stops conducting after the overshoot voltage becomes 
less negative than Eye Thue if the overshoot went negative 
greater then en aucunt (E + J) an additional eharge will 
be put on Co, though emell in megnitude, 

There ere, then, two sources of error, one tending 
to decresse the ae@asured dosage while the other tends to 
ineresse it. Both of these errors were observed in this 
equipment and after very extensive experimentation using 
beth pulse generators and radioactive sources, it was con- 
cluded thet tne circuit could not be operated at 6 satisfactory 
level of accuracy for reseerch on this problem. 

Since the amount of error introduced by oversnoot is 
very sensitive to ER it was found thet, for a particular 
spectrum, E, could be adjusted to give a reasonable value, 
but if any other source with either a different differential 
pulse height distribution or maximum pulse heicht were used 
error, of course, again vas introduced, Furtherwore, it 
wes necessary to "know the answer to get the answer“ by 
edjustment of Eg · 

It is possible, of course, to remove the overshoot 
in the pulse end still retain the amplitude; however this 
solves nothing since the error due to small values of R 
enters. This error, 82180, is 4 funetion of the differentisl 
pulse height distribution of the spectre used. 
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Tue conclusion that this "integreting” principle is 
not suf fietently aceurete for resesreh purpores is well 
borne out by Glass end Burst et Oak Ridge who after nuch 
investigation evolved a very eouplex circuit“ which wags 
satisfactory for dosage indications; however, due to its 
complexity, it wes extremely difficult to keep the unit in 
routine operation. 

This diseussion is not to be construed as concluding 
thet this instrument cannot be made accurste enough to be 
used for survey purposes or other more routine dosage neasure- 
ments. It appears quite probable that ene could develop 
such an instrument, though ite relative cost compared te 
common survey instruments would render its practicability 
questionable. 


BD. Einal Eouinment Confisuretion. 

1. Kew Approach to the Problen. 

Having experienced sueh diffileulty with the equipwent 
described above, it was decided to abendon further attempts 
in that general line in view of the lengths of time remaining 
te the authors at this institution, end to attack the 
feasibility problen from the standpeint of physics with an 
entirely different appreseh. e have seen above that the 
initiel equipment was intended to average the product of 
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number of electrons produced per unit time end the energy 
of each, ‘The final equipment decided upon gives readings 
from waich this figure can be calculated; thus, as mentioned 
in the introduction, the human being s replaced part of 
the electronics. 

i. Bescription of the Sew Approach, 

The finel equipment is shown in block diagrau in 
Figure 5. All of the parts ere standerd instruments 
eveilable at this institution. an icenticel configuration 
hes been end is being usec by br. d. J. Hine in his gemma 
rey spectrometer studies with a sodium iodide erys tal (1), 
Let us see whet chenges were nade from the initiel con- 
figuretion and indicate the purpose of exch component pertr 

(2) Ne change wes mede in the shotomultiplier 
tube and mount, except for the obtaining of a “good” 5819 
tube known to have good resolution, which we will see 12 
required in energy calibration for this method. ‘The high 
voltage supply wes the same one, except that it wes replaced 
late in the experiment by a more stable one, this change 
producing no effect in the results. All through the date 
runs on which our results are based, the high voltcge supply 
to the photomultiplier was set at 740 volts. 

(b) Im order to get « higher gain for the smell 
pulses from the low energy source (3 7) the preamplifier 
wes ehanged from « cathode follower to a stege of gem of 
about 10. 
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PHOTOMULTIPLIER 


MODEL IOO 
PRE-AMPLIFIER 


AMPLIFIER 


HIGH VOLTAGE 
SUPPLY 


MODEL 210 


SINGLE CHANNEL 
DIFFERENTIAL 
DISCRIMINATOR 


TIME MOTOR 


Note: See Section II- for Description of Operation. 


MODEL HUBER 
2 


COUNTING 
RATE METER 


ESTERLINE 
ANGUS 
RECORDER 


Figure 5 


BLOCK DIAGRAM OF FINAL ELECTRONIC EQUIPMENT 
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(e) The Model 100 amplifier wes uncheng ed, 
except thet it was opereted st lower gains for the higher 
energy sources, so that the output never exceeded 95 volts, 
Sutput voltages above 100 volte are unreliable due te the 
overlosding of this type emplifier. 

(4) The output from the Yodel 100 vas now led 
into # Hodel 710 single channel differential diseriminator 
with window width of n;? volts. The exact value of 
window width is of extreme importence and will be discussed 
later. The Model £10 window position was controlled with 
e motor-driven rheostat which swept the renges of 0-96 
volts in approximately on hour and 10 minutes. This rheostat 
and its diel were carefully calibrated using « callbrated 
voltmeter, pulse generstor with veritable amplitude signal 
and Techtronix synchroscope. The calibration curve is 
ineluded in Appendix B as Figure B-—1. It was found that 
diser mains tor did not work properly below a value of window 
center = &.6 volts, and all dete taken were begun at this 
minimum. 

(e) The output from the ¥Yedel 210 discriminator 
wee then fed into a Hodel uber-! Counting Fate Meter, with 
internal calibration for seales of S000 cpm, 10,000 cpm, 
20,000 cpm, whieh were the only scales used. Before esch 
run, the CRM wae esrefully zeroed and each seale eslibrated 
on 3600 erm (line 60 eyele AC). 
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(r) Pinally, the CRE output vas displayed on 
en Esterline-Angus 5 ma recorder, with motor feed connected 
to the motor of the wotor-driven dial so thet stopping of 
@iseriminator rheostat sotor also stepped Beterline-sngus 
tepe feed. 

3. Mounting ef Gemma Sources, 

The sources of gamsa rediation were supported above 
the crystel using the usual laboratory stand with an extension 
are go that the stand members were at least 40 ea from the 
vertical line between source and crystel, to minimize the 
effects of scattering by edjacent equipment. The sources 
were of various strengths wnealibreted except for the 428 
pe co” and 904 he of Re. They were placed st various 
éistences, mich were measured to $0.5 an, such that 
convenient CRA seales were available. These distences 
were recorded, end were reproducible in the mein. 

4 Phototube Mounting. 

A word about the phototube mounting shown in Figure 
6 is next necessary. The voltage divider for supplying 
dynode voltages is contained in the metal box containing 
the 5619 socket. 

The resistors ere erranged to give a 40 percent 
greater voltage rise from cathode to first dynede than 
from dynode to dynode the rest of tue way, other steps being 
equal, This arrangement provides better collection of 
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CRYSTAL CONFIGURATION "B" 
CRYSTAL 
CONFIGURATION "A" 
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PHOTOMULTIPLIER TUBE 
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CANNON PLUG 


Figure 6 
DETAILS OF SCINTILLATION COUNTER CONSTRUCTION 
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ob thode emitted electrons end improves resolution ’=”) , 4 
caréboard light shield is pleced over the entire phototube 

ané erystel eesenbly, end over #11, a black cloth is draped, 

4 Lew background obteineble is considered proof thet light- 
tightness is nearly perfeet, Cardhoard was used in place 

of brass to winiaice sny *seattering-in* of soft gemma rays 
from the light shield. It was slso found thet movanent of 

tren apparatus in the vicinity sffeeted the output considerably. 
4 wu-metel shield was therefore installed ss show in 

Figure 6 and magnetic effects disappeared, 

The erystel cenfigurations die nd "B" as shown in 
Figure d will be diseussed Leter, 

5. Dete Taken, 

Ye shall outline in brief now met data were obtained 
end what information cen be obtained therefrom. ith each 
source end crystal configuration, a gain on the Yodel 100 
amplifier was chosen such thet the largest pulses from the 
crystal were just below the meximum window height. A minute 
source (practically weightless point-sovres) of cg??? 
used to eslibrate the windor center voltage to kilovolts 
energy at this particular gain end phototube high vol tega. 
This wes done by placing the ealibretion source directly on 
top center of the enthracene erystel (which was covered with 
1/4 mil (1.7 ngen sluminum foil) and observing the 
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position of the window center for the o conversion 
@lectron desk (625 Kew line spectrum of e). A representative 
peak is shown in Figure B-2,. This method has also been 
used by other investigators (23). It wee determined exvert— 
memtally thet this thickness of aluminum foil esused no 
error in the energy calibration, since trirling the thickness 
of the foil esused no detectable shift in the vositien of 
the Cs??? peak, Then with calibration source removed and 
sample source in place on its stand, by letting the motor 
sweep the discriminator rheostat through the renge of energies 
of the particuler srectrum, « curve of the number of pulses 
per energy interval (window width converted into Kev by 
c 7 eslibration being the energy interval and tormed 
herein AS) versus their energy st the center of the 
interval was obtained. That is, a curve of A ar (cta/min) 
versus (Keb) was the direetly plotteble outout of the 
éculement. Finally, for eseh svectrum, & run wes made 
sans source to determine backeround to be subtracted. 

Now we see that AE, the window width in Fev, is 
ef supreme importance where the absolute nusber of ecunts 
in the entire spectrum is desired, since an ineresse in 2f 
causes an increase in the ordinate 6 AB) end when obtaining 
the integral counting rete by measuring the ares under the 
eurve and dividing by OB es is further explained in fection 


row ee aoe 


mess cis out 20% nagae wobaty n ee 
ovitadmoneager A. «Ce % e. b ont s Yor 290) ape, ene 
med oats 90m besten ota. . of-f otagtt at .oreds, 04 sees 
. N 
00 um Xe eagmiold? eldt tact n 

* . nt ide oldatoeted en beause en 
des Devones worl soltenitise Hu asd? eee 
vonn d getddel v fest att ao e st eee es 
ene Yo ne ori? Ane e 1 
eee eee en Yo 


ee de wege es be ges sted, ayenor, (ah ee 7 1 
be hene) 4 f 30 enen „ % teat ,bentadde aaw Levretal — 

_ sat 0 dugtue eldattolg yiseertb edd saw (vex)! averey 
sbotoatédue ed of bavorgtosd enlatesed of eo7u0R sag 
en at Stbiw wobate edt TA 4968 098 08 en 
atuwop te tedaun efaloads edd exedw eamatitoqat exetqueto 

2 at sent as Senke dee af austooge exitae edt at 
antatedde redw bas (SA #2) atze sd? at event ma geen 
edt toby sets ef yatruaaem vd eget gatsaves Lergetal edd 


Iv, Ok must be know to the sceurrey desired in the 
integral counting rate. This mejor difficulty, es will 

be é@liseussed, is en intrinsic fault of « differential 
diseriminator since it is difficult to measure and even 
more difficult to keep constent or reset to the same value 
when it drifts off due to the usual chenges in « complicated 
multivibrator instrument due to tube age, temperature, end 
line voltage veriations. It is the Air source of error 

in our experiments regerding dosege, but 1s of little or 

no imperteance in the msessurements involving E aye sg shorn 

in Section IV. Chances in A pepe observed to cecur during 
several runs, dut these were recognizable froma experience 
and such runs were discerded end repested. 

How that de have seen what me final equipment was, 
ant what quentity it measured, we shall spend Section IV in 
exemining what imowledge can be extracted therefrom and how 
our results dm obtained compere with the theory evolved 
in Section II. 
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We heve seen in the preceding section that the directly 
slottable output of the final equipment vas As vs Ey 
in the previous notsttien. If now the ordinete of each 
point on the curve is multiplied by its ebseissa, we 
obte in e curve of BSL AZ, In order to plot this on the 
same sheet 2 sesle fector is usually used. 11 of the 
epeetre shown in Appendix B (Figures 5-3 through BLP) 
are of this type and on eaeh is shown seale factor end 
window width (AB). 

Having plotted these curves, one next uses 4 planimeter 
and obte ins the srea under esch one. Eseh curve was 
plenimetered at least & times and an average ares used 
in further computations. The geeursey of this operstion 
was better than 1 percent. 

Thus we have two areas: 
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That is, (s) is the total number of counts/minute 
in the meetrum multiplied by the window width in Kev; and 
(b) is the total energy sbsorption by secondary electrons 
meesured in the crystal multiplied by the window width in 
Kev. If now we divide (b) by (2) we obtein the average 


secondsery electron energy, and notice thet is is independent 


of Ak: 
OB M* a = 
Bay a 7 = 


However, if we are interested in the dosage, which is in 
turn relsted to the total energy absorbed by the secondary 
electrons, we find that we must know AK sceura tely. 

It should be noted that the integration carried out 


was from gero to Be „ Since this required s somewhat 


x" 
arbitrary extrapolation of esch curve to zero, the ares 
under the extrapolated curves and the eres under the 
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Unextrepolated curves wes meesured, The figures for 
both are plotted in Figures 7 and 8 end it is seen 
from Figure 8 thet the extrepeletion gives e seint which 
is lower by 2 constant pereentege. Thus, for ease in 
comperison, only the unextrapolated curve sreas sre con- 
sidered hereafter, in thet they involve no arbitrary 
extrapolation assumptions. 

As turn ing now to (b), and assuming we know AP in 
Kev exactly, we see that we have seasured the totel energy 
of the secondary electrons per minute; 1.@., the rate of 
energy absorption of the whole erystal from the genus 
bees, ow then can we convert this to "desage"? To 
begin with, it is necessary to know the mass of erystal 
in which the absorption cceurred. The crystals sre 
therefore weighed: 

Thin ( 6 se erystel) = 5.023 gas. 
Thiek (FO am eryetal) = 6,098 gas. 

Thus we obtain the energy absorption rate in teras of 
¥Yev/min<-gm enthreeene. But the roentgen ean be expressed 
aS 5.24 * 107 ev/gm-eir, Sinee we expect from Figure 1 
that Compton effeet predominates in the range eonsidered, 
the only difference between air and anthracene lies in 
the number of scattering centers per gram; that is, the 
number of electrons ver cram, which wes computed in 
Appendix As 
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n= 3,007 * 19*3 electrons, g eir 
n * 3.18 * 10”? electrons/gn anthracene, 

Thus by multiplying our energy absorption rate in 
Mev/ain-gm anthraeene by 9.197 and dividing by Bald 19" der 4 
we can obtain dosage rate in roentgens per minute; or nore 
conveniently by 3 time correcticn, in millireentgens per 
hour. 

It must be remembered that we assumed thet AS was 
known exactly. This essumption is not experimentally 
volid as hes been mentioned in Section III-B; the result 
of its variation from run to run will be shown later in 
this section. 

The possible correction for erystal thickness 
mentioned in Section II-C has not been made at this point. 
Refer to Section IV-C for the experimentsl merit thereof, 

It should finally be noted that the decay of B64 
(71/5 = 15 hrs) during the 1 hour runs vas secounted for 
by correcting the observed counting rates prior to plotting. 

2. Preliminary Results and Selection of Crystel 
Configurations, 

Befors proceeding with measurements with all sources, 
it was desired first to see the gross effects of erystel 
configuration change with different eonditions, such es 
length of light pipe, tnickmess of erystal, lucite plate 
on top of erystal and type of reflector. Many runs were 
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made with the cobelt sud mereury sources under aany 
eonfiguration changes, and eveivation of thea wes made 
by comperison of Spevtral shapes. We will uct bore the 
render Ata, enuasrétion of aii these runs. The iapertent 
effects oed ere shown in Figures 3 and 10. In general, 
At was discovered that: 

(s) Some light pipe wes advantageous in that 
the light was distributed more evenly over tie photo cathode, 
though length of light pipe wes not an iuportent factor. 
The light pipe elso facilitated fitting the crystals to 
the curved top of the photomultiplier tube, 

(ob) A 1/4 mil (0.00025 in) sluminum foil 
reflector in smooth contect with 211 top and side erystal 
faces was very satisfactory. 

(e) Figures 9 and 10 show thet the spectral 
shepe from cobalt was iittle affected by erystal thickness, 
while the mercury spectrum was sore peaked for the thin 
eryatal. In order to be sure that the geometry, and not 
tae different crystal, was responsible for this difference, 
s run was made with the thick erystel on its side, with 
the 10 wm dimension vertically oriented. 43 Figure 10 
Clearly shows, the geometry waa the cause of spectral shape 
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Figure 9 


O PRELIMINARY DATA ON COBALT-60 
SECONDARY ELECTRON SPECTRUM 
Curves normalized to same counting 


rate in "valley" to show magnitude of 
effect of crystal thickness. 
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Figure O 


PRELIMINARY DATA ON MERCURY - 203 
SECONDARY ELECTRON SPECTRUM 
Showing change in basic “shape” of spec- 
trum with change in crystal thickness. 


20 mm crystal 

20 mm crystal with Smm lucite 
on top thereof 

5 mm crystal[the thickness (20 
mm)crystal lying on side] 


6mm crystal on |’ lucite light pipe 


40 80 120 60 
E Secondary Electron Energy in Kev 
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(a) Finally we see thet the lueite plete atep 
_ the thick crystal sade no difference to either svectram. 

Therefore, in order to obtein results chiefly 
dependent upon erystal thieknees, the obviously sost 
important variable, configurations d and "B* were chosen 
(Figure 6), with "A" involving the 6 ma crystal, "B" involving 
the 20 mm ecrystel, As a lest determination, ocessioned by 
the results with "A" and e, another run ve wade with 
god iun using "2B" enclosed in 2 13 mm thick lucite box, 

This configuretion is not shown; the results ere deseribed 
below, The results of 211 runs on "A" and "B® are ineluded 
in Figures D- threugh B-12. 

A point of general interest, before proceeding with 
specific results, is the general shape of all spectra, One 
should note thet the large number of small oulses is not 
due to beckrround or noize since each curve hes been 
corrected therefor, The tailing off at high energles is 
due to phototube resolution end the statistical veriation 
of ene ton froma the photo exthode, as is borne out by 
the shepe of the c conversion electron "line", Figure 
D, The curves showing the greatest difference in spectra 
between configuretions fA" and p are those for sodium, 
where we gee that the thicker crystal gave a vue higher 
ih az velue at the high end of the spectrum, Finally, 
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the peak is termed a "Compton Peak" and corresponds te 
the most probable energy obtained in Compton collisions; 
qualitatively, it appears where it should be, somewhat 
below the maximum energy of Compton electrons as couputed 
by formuian (II-E-1). 


B. Ara Secondery Electron Energy Kesults and Theory 
Gorreistion. 

1. Presentation of Results. 

The tabdbuletion of Table II-C-I1 is repeated here, with 
experimental values added, These datasre also displeyed 
in Figures 7 and 3, in whieh the logarithmic plot is 
inciuded to show the relative devietion of the points from 


the theoretical curve. 


ZABLE LV-b-1 
. E,y Ltugoretioal) 
Crystal AY Partielly Totelly 
Ag“ 230 Kev va 63.8 Kev 72.1 Kev 72.1 Kev 
os ann Kev A 250 Kev bei. s Kew £65,9 Kev 
c 1. 28 ue A sos Kev 586. Kev 584. Kev 
nas 2.07 ev A 800 Kev 1.109 ler 1,028 Mev 
fs 1. 06 Mev h an Kev 1 re 
ag 280 Kev 5 Y. kes 73.1 Kev 72. 1 Kev 
c % ker 5 288 Kev i. 5 ker 8868. 5 Kev 
cos 1.2 wow * S55 Kev 88e. Kev 584, Kev 
nas 9.07 Mev B 841 Kev 1. 10 Mey 1.037 Mev 
fe l. oe en B 456 Kev — — 
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The experimentsel valves tebul ted sre from the 
unextrenoleted curves es wre mentioned im TV~f-1, In 
eddition te the deen >letted sheve, srother v gemres 
ees obte ined, which happened to be stronger then the 
eouree for which values ere tebvleted in Table IV-B-1, 
anf hed to be rlecec et three tines the vcreviour distence 
used for sodium. This seuree was run on configuretion 
„neu and on "B-1", the latter being "PR" enerse? in a leeite 
don (13 mm thick) on sider end top, seeking the effect 
mentioned in YI-E-3(c), The spectrel evrves for these 
rune ere net ineluded since they prrear nearly the sane 
of Figures d end B-10. The values of Ey % dosage 
obteined from them, however, differ eppreeizbiy. Pata 
obe ine: 

Conficurstion Lay 
* 90g Fev 
1 5-7 1 Fer 

The nereese in % for ih over that shown in 
Teble IV-P-i is ettributeable te the change in diateree, 
since by Section II-E, the leskege would be less with a 
more perellel genes been; 1.e., for the greeter distance, 
The meximum Civergence of the berm from the vertiec! wee 
. o for the shorter distance end only o. g for the 
longer distenee, Accordingly, for comparing the effect 
ef the lueite box (B-1) to the earlier sodium date 
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COMPARISON OF EXPERIMENTAL AND THEORETICAL | 
AVERAGE SECONDARY ELECTRON ENERGIES 


(Linear Plot) 


000 Only corrected for A Gomma Energy 
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Crystal thickness 
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Eav = Av. Secondary Electron Energy in Kev 
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Figure 8 


COMPARISON OF EXPERIMENTAL AND THEORETICAL 
AVERAGE SECONDARY ELECTRON ENERGIES 


(Logarithmic Plot) 
Only corrected for >| Gamma Energy 


Noꝰꝰ 
, Corrected for >| Energy and 
8 ® Crys. thickness of 6 and 20mm | 
(See linear plot) 
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0.2 


Secondary Electron Energy in Mev 


O. 
> 
uf 
Experimental Points 
Extrapolated Spectra Crys. thickness 
0.04 Unextrapolated Spectra 6 mm 
Extrapolated Spectra Crys. thickness 
Unextrapolated Spectra 20mm 
Unextrapolated Spectra 
0:02 with Lucite Box 
OO! 


O O4 O8 2 6 20 24 
Ey Weighted Average of Gamma Energy in Mev 


= 


= 
. 


<= 


* 


(which are plotted in Figures 7 and 4), Ey for *B-1" 
was correeted to that distence with 2 linear approximation 
and plotted es 971 * — 900 Kev. 

The values of B, for fa are obteined by fitting 
the Bay points obteined te the eurve connecting the 
corresponding points for the other sources. Comment on 
the value of EY obtained for Ra will be reserved for 
Section . 

9. Interpretation and valuation. 

& number of very interesting results are obteinable 
from s close inspeet ien of Figures 7 end 8. Figure 8 is 
probably of more velue, sinee its logerithmie ordinate 
seale presents constant ratios or pereent cifference as 
constent distances. These points sre enumerated for 
clarity and easy reference: 

(a) Ak, we note that Al messured By, are 
below the theoretical values. This is in agreement with 
Seetion II-E-3 (a) page 38, and substentiates the belief 
that plural seattering wea of little importence in our 
erystals. 

(>) Secondly, 11 of the values for the thick 
¢erystal are gboye those for the thin erystel. This is 
as predicted in II-, page 36. Of course, this conclusion 


is the result of one measurement on each configuration 
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for eaeh of 5 sources, and there is * finite chance that 
this eould be a ecincidence. However, if we considered 
thet there should be equal values for thick and thin 
erystal and that probability end rendesmese were the 
cause of one being aigner then the other, then the chance 
of sil of the thiek erystel values we greater then the 
thin erystal values is, of course, h 35 · True, ve 
may heve hed the one chenee in I occurring; only further 
experimentation by ether parties will tell. However, the 
suthora feel strongly that tuis is « physical phenomenon 
explainable by Seetion Il-E-z, 

(e) Hext we see that the "totelly corrected" 
curve is closest to the experimental results; end that 
for low energies, the experimental points ere very close 
to the theoretical, differing from it by a nesrly constant 
ratio for energies lesa than 1 lev, with a lit increase 
in error at c, end a considerable inereese in error for 
the energetic gammas of nal, as sige manifested by the 
spectre] shape, as noted in Section IV-A-2 (page 58). 

The trend evay from the theoretical curve at high energies 
is in conformity again with Seetion II-; and further 
substantiation to the argument regarding electron leakage 
end its correction, per Section II-%-3, is the rise of the 
sodium point with configuration 5-1. ‘This indiestes thet 
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the effect of "seattering-in" of II- -e) predominates 
ever the “compenssting’ effeet of (e) and (d), sane 
section. 

Thus, the majority of our theory is confirmed. In 
generel, the anthrecene crystal is "air-equivalent", but 
crystal geometry must be considered in designing a 
scintillation dosimeter for gamma energies above 1.25 
Mev, since the effects of secondery electron leskage 
beeeme increasingly important with ineressing energy, and 
these effects ere apparently the ones which cause e 
devistion from true air equivalence. Hound erystels of 
about £0 aa diameter and 90 mm in thickness, surrounded 
with a lueite eylinder of wall thickness of lo am would 
appear to be the best geometry, and experimentetion 
therewith is recommended, 


. Abbemet ab Losage Lvalustion. 

1. Procedure. 

In order to evaluate the dosages cs obtained from the 
integration of the curves as deseribed in fection IV~A-1, 
n Koleket dosimeter was obtained, The calibration curves 
for this chember are ineluded in Appendix B as Figures B-13 
ond Bld, Tue dosimeter was placed in the crystal's 


position and runs made on all sources for a number of 
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hours necessary to obtain a reasonable readiag on the 
scale of 200 ur. The dosimeter run on na 4 with tts 
short half-life was corrected back te the sero time of 
the discrisinator run by the easily derivable formals: 

Ry a Cs pyr . 
in whieh PD total (less background) dosage neazurenent, 
4 = decay constant, t, * time of beginning dos taster 
exposure, 255 = time of ending exposure, „ dose rate et 
sero time (beg ming of discriminator run). A aller 
formule vas used to convert the reading on 46.5 day ng 02 
back an interval of some 10 days to the day of its 
diseriminator rim. 

The dosage exposure runs required a good deal of 
exposure time, ag 12 seen from the dose rates below, For 
this resson, it vas not possible te teke enough sxposures 
to eet los statistics! standerd deviation, as may be 
seen by Table IV- -I, and, as will be shown, the variation 
of window widts made further attempts impractical. 

2. Comparison of Computed Dossge end Nensured 
(Dos tidater) Dosege. 

As hes been mentioned before, the window with AR 
{in volte) veried from run te rum in spite of careful 
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setting ef zero sete on the differentiel diser int tor. 

It should be noted that AP in Lex ie 120 e funet ien of 
the position of the 0 pack, and is therefore subjeet 
to # smell error due to the statistical veriations therein. 
In computing the date set forth in Table IV-C-1 by the 
method of Eection IV-i-1, E in Kev ves computed using « 
windew width of 1.4 + 0.1 velta, „ conservative eatinete 
of the error. Prom Table IV-C-1, 1d ern be seen thet only 
cunlitative conclusions cen he drm: The commuted dosage 
rate generslly agrees with the measured rete within 10 
percent. In general, it mey be seid that this electric 
adiffieulty eliminates the possibility of using this equipe 
ment to meneure dose rata, though the value of the ecuipment 
in establishing the etir-ecnivelence of anthreeene is not 
effected by the diffienlty and the results of IV-B above 
are perfectly valid, 
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TABLE J 1 <3 


Orystel Dogagex AB 
A 5,45 
B 5,56 
A 49.1 
B 88.7 
A 633 
B 456 
B 1830 

B-1 2030 
K 384 
B 517 


AULA 
3. 780. 
7. 4 
15.5 20.8 
18.6 A. 0 


1 28.6 2 0 


33.0 41.8 
72.0 24.0 
73.6 24.0 
43.1 46.4 
84.3 27. 9 


Lale. 
Dosage 


0. 95220. 080 
o. 770$0.043 


3.18 40.16 
3.18 20.16 


17. 3 40.9 
12.93 40,7 
28. 8 
88.3 


2.4 
41.5 
8.9 40.5 
9.5 30.5 


(Dosineter) 
fone 
9.8440. 2 
0. 94420. 2 
3.74 40.7 
3.74 40.7 
14.7 20.3 
14.7 46.3 
31.5 22.8 
31.8 22.2 
9.19 21.3 
9.19 21.3 


Because of this wide scatter of comparative results, 


no ettenpt has been made te include en evaluation of the 


correction factors of [i-C-3(b). 


Refore sueh eould be 


done, a method of accurate window width determination would 
be required (see Section V). 


The resder is now referred to the following section 


for os summary of findings end additional interpretation and 
discussion thereof, 
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Frou the experimental resulte es given in detail in 
Eeetion IV it cen be concluded thet: 

1. Entarteene is essentiaiiy eir-equivelent in the 
energy range considered, exeept vs noted in (2) and (3) 
below, 

3. Deviations from sir-equivalence will be experienced 
at higher gau energies if tie seintiileting wedius is 
not large enough to viiminete Glectron leakage; or at tue 
iewer gemma ouergivs if the eryetei is so lerge that 
piurai soettering becomes aspprecisbie, 

J. Ulectron ieskage can be ulnimized by surrounding 
the crystsi with a "reflecting" material similar in 
cappesitien to tae anthracene. 

4, Besege menevresents mode with the sciutlilsticn 
counter were consistent wits those nede by an ionization 
ehenber, subject tw the inecourecy luposed by indeter@inecy 
in differential discriminator window width. 

3. It appear to be very difficult to construet an 
@lectronic cirguit to display the selntillator out 
@ireetly in terms of dosage. A cirevit wee used waieh 
gave this indiestion inéireectiy. 
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6. As deseribed in Section IV-8-1, « value of 1.06 
ev for the weighted aversge energy 6 of the güame rays 
from a radius source with 0.5 zu pletinum fil traten was 
obteined. This is consistent with the results of nine (74), 
whe obteined 1.04 Sev, tut somewhat higher than s computed 
value of 0.84 Nev using the spectrum given by 8111 end 
aston’®®) and using date from Devisson’®) to compute the 
effect of Pt filtretion. Other speetre mentioned in the 
literature would give values agreeing more closely with 
the results obteined herein, but since the value of the 
weighted tverage genma rey energy of a spectrum az complex 
as radium is in doubt, nothing further can properly be 
coneluded here. 


Be Recommendations fer future Investigations. 

Since erystel size at higher energies is important 
further work should be done in getting more detailed 
quantitative informetion on the effect. These data will 
be importent to workers using the seintillation counter at 
energies above WI. 5 Mev, 

In order to make the systen using the differentiel 
éiseriminator give indication of dosage aceursts enough 
for reseerch purposes, a method of determining the exact 
window width must be devised. Two such methods sre 
guggested: 
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(a) Use of e sealer-timer cirevit in eonjunetion 
with the equioment used by the authors; with diserinination 
level of scaler matehed to the lower level of the differential 
diseriminetor. In this way, QF een be determined by 
comparigon with the measurement of OM (Seetion 1-5 * 

(D) Use of e vacuum tube voltmeter with recording 
equipment, to monitor QA in volte direetiy serose the 
perticuler resistor in the differentisl discriminator 
whieh provides the voltage difference OR. After this 
hes been accomplished more work can be done on conprring 
the doseage given by the secintilistion counter with thet 
given by the air fonization chamber, 

In order te utilise the seintilletion cetector as « 
prectieal instrument for indiesting dosage à sinple eleetronic 
cireult must be designed te sum the photomultiplier outout 
over the number of pulses and sulse heights. ne ercroach 
is to rectify the cutout taken directly fron the ghoto- 
multinlier tube to aveid overshoot difficulties, Ter- 
Pogossian')) and the flosn-Ketterineg Institute *®) have 
developed tio such cirevits but ne information has been 
published concerning their seeureey, or other charectoristices, 

In conelus leon, the authors wish to exeressa their 
sincere thenke to Dr. Robley D. Evans for his invaluseble 
counsel, advice, and eneouregenent throughout the whole of 
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this works; to Dr. Gerald J. Hine for his original 

suggestion of the problea, ‘nfinite patience and day-by-day 
guidance without mich little nuecess would have been 
pessible; to Hr. Forman %udnich for his aid in developing 

& reasonable theory; te #11 the personnel of the 
Rediosctivity Center, . I. T. for thelr eooperetion at 

11 times: Ar. Joel B. Bulkley and Ar. Gidner 6. Millen; 

end Finally to Bras. Grace Rowe for har competent dreftemenship 
in reproducing the figures ineluded,. 
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APPENDIX A 


COMPUTATION METHODS FoR O, DT, , 


1. For sir, the required information is available 
fron deednen (i) end its seeurney in G end C was 
checked by recemputing O and Sy from 90 and ee as 
given in reference (1°). In these computations, the 
percentage by weight of sir wen used ss follows: 


#itrecen 75.8 pereent 

Oxygen 123. 89 percent 
co. 9.05 percent 
Rare gages 9.93 percent 


This gave « figure of 3.007 10 erectrons per gran, in 
agreement with rea 23) whieh when combined with „ and 
eT, end density in gu en gives O and o in en. 

*. Por anthracene and sodium iodide no ready-made 
curves were available and eech coefficient nad to be 
enleulated by the use of appropriate formulas, taking the 


weight percentage of each element inte account, 


“eldaLteve ak poltaatotal bene add tts x08 of 
Mad eee ee Pt cau 
4 60, bus b, mort [0 bas O yattoquoont yf Bexvede 
15 8 — ) vue — % 

, 


tmeoteg 8.29 = wagons tt 
Sepoteq 23.0% sO BYE 
fusereg 30.0 400 
trope, e. % nf over AN 
at een et aer “ox x bo- to exugt? o evag aa 
bre O, dete bentdnes nean dale T) 4e assess 
re at d ben O gte eee at eee bas .-o 
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e of Bad derte done bas efdelieve stew be 
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Snthracens (C, 44100 
Percent hydrogen by weight = 5. 61 
Percent carbon by weight 94. 28 
Electrons per gran a N Avogadro's number 


Hs 0.0861 gus x S,HOhe x x S602. 19°" atone , x electrons oseln 
Gr 0.9430 x ng x « Sai x10"? e e 


Therefore electrons an = 3.18 * 10 
p = density of enthracene I. 25 gus/ee. 


Sediue iodide 
Percent Na by weight = 15,3 
Percent I by weight = 94.7 
Bailer computetion to anthrseene gives g. 57 elect/ gn. 
p = density of sodium iodide erystel = 3.667 g ee. 


Thus for these two erystais, knowing the eleetrons/ga and p, 
we obtain C and . from reference (12), and compute T 
ond J os & funetion of Bye 

The computetion of TF eni K is a bit more difficult. 
First let us consider tie photoelectric effect, Lee S23) 


gives an empirical photoelectric relation: 


4.1 
T/p = o. ooas n 


where 4 is the gamma wevelength in angstroms; and tebuletes 


e n 
bein „ee ee To oe add weltenon ev dol Jud 
9 


1 @800,0 = N x 4 
sesaindsd dma iano wsyse al Atgeelever samey ocd at eier 


values of a and of the coefficient of 4" for various 
elements: 
nk Coefficient 2 


1 0.009 3.05 
1.156 3.05 
Ne 7.200 2.85 


Therefore for anthracene, weighting esch coefficient by 
the percent abundence of the element, we obtein 


(Tp) nen = [(0-0861) (9.008) + (0.9439) 6.20% . os 


oe ot. 5 2 e U, ia Kew) 
* 


This weighting method was applied as a check to s determination 
of V/p for sir end the value obtained wes in agreement 
with published values of N fer ir (1). 

de notice that the value of n in A 4s not given for 
iodine, and it ves therefore not possible to use the above 
method coupletely for sodium lodide, 


2 
-5 
(Tea by Lea formula = ee x 10 1 
ö 
Prom vietoreen( l“) we find 


(r- 114027 - 1163 A n angstrons, 


= x 10°? £022 2 aw 
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Then by the utnvel weighting, 
(T/p)uay = (e. 1 (C/, + (o. (/e 

from which formuls Tuer was eomputed. 

Pinelly, K vas computed for both erystele by use 
of # led stenderd curve, Lend wee chosen because ite 
theoreticsnl pair production curve hes been well checked 
by experimentetion. 4 Projeet Rand report (25) tebulates 
the stomie pair preduetion coefficient Tap for lead where 
K « Sop? N being Avogadro's number, p the density, and 
& the mass number. 


then from Nine (10) 2. 
9 21 K 


where Py * percent, by weight, of consetituants. 


K 


2 
A 2 
* * Pied 21 end 5 1 


Substituting from above, to obtain KL in teras of Kand 
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For snthracens the constants evaluate to give 


i 3 —1 
(Wim 5 3. * 10 Top cu 


Por sodium iodide, we obtain 
3 -1 
(Gar 8. % * 10° 0% en 


Prom these computations, the values ef n and Be 
were calculated for use in Section II. The variation of 
u with By is shown in Figure -, for anthracene and 
sodium iodide. 
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Figure A-| 


THEORETICAL VARIATION OF LINEAR 
ATTENUATION CONSTANT A 
with Gamma-Ray Energy for Sodium 

lodide and Anthracene 
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Figure B-| 


CALIBRATION OF SINGLE CHANNEL 
DIFFERENTIAL DISCRIMINATOR 
Model 210 


; : >» (AE) : 
Window Width = Gani tector 8 volts 
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Figure B-2 


REPRESENTATIVE CST ELECTRON 
CONVERSION LINE 
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Figure B-3 


SECONDARY ELECTRON SPECTRUM OF 
He USING CRYSTAL CONFIGURATION "A" 


(AE 572 Kev) 
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E=Secondary Electron Energy in Kev 
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Figure B-4 


SECONDARY ELECTRON SPECTRUM OF 
8000 H? USING CRYSTAL CONFIGURATION "B" 


(AE=7 24 Kev) 
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Figure B-5 


SECONDARY ELECTRON SPECTRUM OF 
CSA USING CRYSTAL CONFIGURATION "A" 
(AE=15.5 Kev) 
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Figure B G 
SECONDARY ELECTRON SPECTRUM OF 
CSA USING CRYSTAL CONFIGURATION “B" 
(AE=I8.6 Kev) 
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Figure B-7 
SECONDARY ELECTRON SPECTRUM OF 
COS USING CRYSTAL CONFIGURATION “A" 
(AE =366Kev) 
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. Figure B -8 


SECONDARY ELECTRON SPECTRUM OF 
COS USING CRYSTAL CONFIGURATION "B" 


5000 (AE =33.0 Kev) 


Kev x counts 
minute : 


3 gp OE in 


or 


counts 
minute 


: 


98 AE in 


000 


0 | Sa 
O 200 400 600 800 1000 200 1400 
E = Secondary Electron Energy in Kev 


4 
a 


24 000 Figure B-9 
SECONDARY ELECTRON SPECTRUM OF Na?“ 


USING CRYSTAL CONFIGUR - 
ATION "A" (AE=62.5 Kev) 
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Figure 8 


SECONDARY ELECTRON SPECTRUM OF 
No?“ USING CRYSTAL CONFIGURATION "B" 


. (AE=62.8 Kev) 
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Figure 8-1 


SECONDARY ELECTRON SPECTRUM OF 
2200 Ra NEEDLE WITH OS Mm Pt. FILTRATION 
USING CRYSTAL CONFIGURATION “A" 
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SECONDARY ELECTRON SPECTRUM OF 
22000 Ra NEEDLE WITH 0.5mm Pt. FILTRATION 
USING CRYSTAL CONFIGURATION "B" 
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Figure 8-43 


CALIBRATION OF KELEKET DOSI- 
METER BY KNOWN EXPOSURES IN 


HEALTH PHYSICS LABORATORY 
APRIL II, 1952 
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Figure 8-4 
CORRECTION FACTOR FOR KELEKET DOSIMETER 


(corrects for variation in response to lower gamma 
ray energies). As distributed by manufacturer. 


Correction factor = unity to 
E, = 3 Mev 


Multiply Reading by : 
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